Introduction to Mechanotransduction
===================================

It is now well known that mechanical forces can be converted into biochemical signals by mechanisms generally designated as mechanotransduction. These mechanisms have critical roles in the maintenance of the integrity of mechanically stressed tissues such as blood vessels, muscles, bones and cartilage. At the cellular level, mechanotransduction can modulate diverse functions including protein synthesis, adhesion, proliferation, differentiation, viability and apoptosis. Defects in cellular mechanotransduction can contribute to various human diseases. Thus, genetic mutations found to interfere with normal mechanotransduction and cellular sensibility to mechanical stress are involved in a wide spectrum of diseases ranging from loss of hearing,[@R1] lung dysfunction,[@R2]^,^[@R3] muscular dystrophies[@R4] and cancer.[@R5] A common denominator of many of these diseases is the disruption in the force transmission between the actin cytoskeleton and the extracellular matrix (ECM) or cell--cell junctions.

Identifying the molecular basis involved in normal or defective mechanotransduction will shed light on the underlying disease mechanisms and normal cellular functions and could lead to new therapeutic approaches for these diseases.

Mechanotransduction in Endothelium
==================================

Due to heart contraction, blood circulates through the vasculature in a pulsatile fashion thus submitting vessels to mechanical forces resulting both from shear stress and smooth muscle cell contractility.[@R6]^,^[@R7] At the inner wall of vessels, the vascular endothelium senses and responds to these stimuli. To adapt itself to such constraints, the endothelium undergoes remodeling and initiates a series of signals. These events are accentuated in the pulmonary vasculature because in lungs the vessel walls are submitted, in addition to blood circulation stress, to the rhythmic respiratory activity.[@R8]

Mechanical forces emerging from the blood flow have a great impact on the physiopathology of the vascular tree, in particular on the cardiovascular system. While laminar flow occurs in straight vessels and produces a steady shear stress on endothelial cells, at bends or bifurcations, shear stress fluctuates with the creation of turbulence.[@R9] These drastic changes of local hemodynamics in curved and branched areas of the arteries promote atherosclerosis. Indeed, regions of the vasculature exposed to disturbed blood flow coincide with specific sites where atherosclerotic plaques are preferentially formed. Consequently, the capacity of endothelial cells to sense and respond to blood flow is critical in the development of cardiovascular pathologies such as atherosclerosis.

In the vessel wall, most of the responses to flow only affect endothelial cells indicating that these cells possess specific mechanotransducers that convert mechanical forces into biological responses. The precise mechanisms by which forces are transduced to biochemical signals inside endothelial cells are poorly understood. Nevertheless, it has been proposed that shear stress-mediated forces are transmitted from the apical surface of endothelial cells by the cytoskeleton to sites of attachment at cell--cell and cell--matrix adhesions.[@R10] This suggested that focal adhesion (FA), tight junction (TJ) and adherens junction (AJ) adhesive structures are involved in mechanotransduction **(**[Fig. 1](#F1){ref-type="fig"}**)**.

![**Figure 1.** Side-view of cells adhering to ECM via FA and to each other via TJ and AJ. Tangential (○) and centripetal (→) forces exerted by actomyosin](tisb-1-e24180-g1){#F1}

Integrins[@R11] at FAs, occludin at TJs[@R12] and VE-cadherin at AJs have been proposed as putative mechanotransducers able to sense blood flow.[@R13] Activation of these mechanotransducers initiates several signaling pathways affecting cytoskeletal structures. In particular, laminar flow initiates the Rho GTPase pathway that promotes the alignment of actin fibers along the flow axis and assembly of adherens[@R11]^,^[@R14]^-^[@R17] and tight junctions.[@R18] By contrast, perturbed flow leads to a disorganized actin cytoskeleton and disassembly of adherens junctions.[@R17]^,^[@R19]

Endothelial cells can sense the type of shear flow and consequently align their cytoskeleton, thus modulating their traction forces. This modification of cytoskeletal tension subsequently affects the intercellular forces that regulate the assembly/disassembly of cell-cell contacts. Thus, laminar flow increases cytoskeletal tension that, in turn, promotes cell-cell contacts, while disturbed flow weakens cellular forces leading to a dislocation of cell-cell contacts.[@R17]

Mechanisms at the Basis of Force Transduction
=============================================

Mechanotransduction at FAs
--------------------------

FAs constitute discrete areas located at the ventral surface of cells that interconnect cells with the ECM. These large multiprotein complexes are composed of integrins, a family of adhesive receptors able to interact with proteins of the ECM and to recruit intracellular partners. Integrins are known to be mechanotransducers critically involved in force-sensing processes exerting their action between the ECM and the contractile actomyosin cytoskeleton.[@R20] The dynamic crosstalk between the actin cytoskeleton and the ECM plays a major role in cell movement, cell adhesion and matrix remodeling.

On the cytoplasmic side of FAs, integrins can interact via their intracellular domains with at least 12 adaptor proteins.[@R21] Among them, talin, tensin, filamin and α-actinin can elaborate links to the actin cytoskeleton. These preliminary interactions with the cytoskeleton are reinforced by a second and third tier of regulatory proteins that stabilize the adhesome network. This vision was recently confirmed by P. Kanchanawong and coworkers, who established that FAs possess a stratified architecture in which integrins and actin are vertically separated by an adhesive core composed of multiple protein-specific strata that contain more than 150 proteins collectively designated as FA adhesome.[@R22]

Mechanotransduction at TJs
--------------------------

TJs link cell membranes closely together thus creating a barrier that is impermeable to fluid.[@R23]^,^[@R24] More specifically, at the blood--brain barrier, TJs play a key role by limiting the diffusion of substrates from blood to brain.[@R25] The proteins constituting TJs include occludin, claudin family members, junctional adhesion molecules (JAM) and cytosolic scaffolding proteins such as the zonula occludens family members (ZO) that link TJ proteins to each other and the actin cytoskeleton.[@R24]^,^[@R25]

Because they are intimately linked to the hemodynamically responsible actin cytoskeleton,[@R26] TJs are sensitive to shear stress. For instance, in vascular endothelial cells, the expression of TJ proteins is subjected to regulation by hemodynamic forces[@R12]^,^[@R27]^-^[@R29] thereby affecting endothelial barrier permeability. According to DeMaio et al., shear stress reduces occludin mRNA and protein expression in parallel with an increase in tyrosine phosphorylation and endothelial permeability.[@R12] By contrast, Conklin et al. have observed a shear-stress upregulation of occluding mRNA.[@R28] In fact, alterations in TJ protein expression and linkage between TJ proteins and the actin cytoskeleton in part govern permeability and endothelial barrier function.[@R30] However, further investigation is still required to improve our understanding of the contribution of shear stress to the modulation of TJ protein composition and consequently to endothelial barrier permeability.

Mechanotransduction at AJs
--------------------------

At cell-cell contacts, AJs are adhesion complexes that resist dissociating forces and also transmit forces to adjacent cells making important contributions to embryogenesis and tissue homeostasis.[@R31]^,^[@R32] For instance, they are remodeled dynamically during morphogenesis, tissue regeneration or repair, events during which actin filament association with AJs plays a crucial role.

The core of AJs is composed of cadherins, a family of transmembrane Ca^^++^^-dependent adhesion molecules. Cadherins are able to support large forces. Indeed, suspended cells expressing cadherins adhere to each other and require varying forces for their separation, depending on the cadherin type.[@R33]^,^[@R34] In fact, as demonstrated by Le Duc et al. using nanomechanical measurements, cadherin complexes also function as mechanosensors able to transmit forces.[@R35] Thus, AJs transfer to adjoining cells cellular contractility forces generated by the actomyosin machinery.[@R31]^,^[@R36]^-^[@R38] This transmission results from the multiple couplings existing between cadherins and the actomyosin cytoskeleton.

Despite the complexity of FA and AJ adhesive structures, an understanding of the functioning of FA and AJ mechanosensory machineries is now emerging. Forces applied at FAs have been shown to promote integrin-based adhesion assembly and maturation by inducing sequential recruitment of various regulatory proteins,[@R39]^,^[@R40] which enables transmission of tension between the cytoskeleton and integrins.[@R41] Depending on the tension exerted by the cytoskeleton, FAs undergo reinforcement recognizable by an increase in integrin and vinculin density in cells exhibiting no intercellular contact.[@R42] Similarly, AJs are reinforced in response to external tension,[@R43] which leads to an increase of cadherin and vinculin density.[@R35]^,^[@R44] The FA-and AJ-mediated mechanotransduction mechanism appears in part governed by force-induced conformational switches in the structures of scaffolding proteins. These conformational changes unmask cryptic binding sites for additional proteins.[@R39]

Mechanotransduction has been essentially studied at FAs. Recently, more attention has been brought to mechanotransduction involved at AJs. Hereafter, we focus our attention on the mechanotransduction mechanism specifically exerted at interendothelial cell--cell junctions.

Modulation of the Endothelial Barrier via Mechanotransduction Governed by the VEcadherin Complex
================================================================================================

Endothelial cell--cell junctions include tight, gap and adherens junctions that are mediated by occludin/claudins, connexins and VE-cadherin, respectively.[@R45] Among these adhesive structures, AJs are the most cohesive and dynamic and also the most important for transmitting mechanical signals directly to the actin cytoskeleton.

At endothelial AJs, a cell-specific member of the cadherin protein family, VE-cadherin (VE-cad), is expressed that holds together endothelial cells and plays a crucial role in the maintenance and restoration of endothelium integrity and in the regulation of vessel permeability.[@R46]^-^[@R48]

Similarly to classical cadherins, the VE-cadherin extracellular domain mediates homophilic/homotypic interactions. To maintain junction integrity, these interactions must be strengthened by intracellular connections to the actin cytoskeleton of contacting cells. Thus, the C-terminus of the cytoplasmic domain of VE-cadherin binds, in a mutually exclusive fashion, β-catenin or γ-catenin that in turn recruits α-catenin ([Fig. 2](#F2){ref-type="fig"}). α-catenin is indispensable for cadherin-mediated cell--cell adhesion, because without it, adherens junctions are disrupted and the association of actin filaments to the cadherin--catenin complex is completely lost.[@R49] Until recently, it was widely accepted that α-catenin strengthens cadherin-mediated adhesion by directly promoting anchorage to the actin cytoskeleton. Nevertheless, in 2005, this concept was challenged by studies demonstrating that α-catenin is unable to bind simultaneously β-catenin and actin.[@R50]^,^[@R51] Altogether, these data support the notion that additional intracellular partners are required for connecting cadherin-bound αcatenin to the actin cytoskeleton.

![Organization and cytoskeletal relationship of cadherin-catenin complex. Adapted from reference [@R93].](tisb-1-e24180-g2){#F2}

Endothelial barrier function can be reinforced by strengthening connections between the AJ structures and the actin cytoskeleton. As seen hereafter, mechanotransduction mechanisms operating at the AJ interface participate in the elaboration/stiffening of the cortical actin ring, thus orchestrating endothelial barrier reinforcement. Recently, these in vitro observations were confirmed in vivo by Vestweber's group, who generated mice with strongly stabilized endothelial junctions by genetically replacing VE-cadherin by a VE-cadherin-α-catenin fusion construct. Such mice exhibit strong resistance to induction of vascular leaks by VEGF and histamine and, consequently, the recruitment of neutrophils and leukocytes at inflammatory sites is strongly inhibited. This can be explained by the fact that the fusion protein VEcadherin--α-catenin associates with the actin cytoskeleton with an enhanced capability compared with wild-type VE-cadherin.[@R52]

Contribution of α-catenin to mechanotransduction at interendothelial AJs
------------------------------------------------------------------------

The molecule of α-catenin possesses three vinculin homology (VH) domains designated as VH1, 2 and 3 **(**[Fig. 3](#F3){ref-type="fig"}**)**.[@R53] Each of them has the capacity to interact with a plethora of actin-binding proteins. Thus, vinculin,[@R54] α-actinin,[@R55]^,^[@R56] afadin[@R55] and formin[@R57] bind to the central VH2 domain, whereas EPLIN[@R58] and ZO-1[@R59] bind to the C-terminal VH3 domain of α-catenin. Furthermore, the N-terminal VH1 domain contains the β/γ-cateninbinding domain,[@R60]^,^[@R61] whereas the C-terminal VH3 domain contains the α-catenin actin-binding domain.[@R55]^,^[@R62]

![**Figure 3.** Schematic representation of the a-catenin molecule and its binding capacity Adapted from reference [@R53].](tisb-1-e24180-g3){#F3}

Recently, α-catenin has become the focus of intensive research to unravel the mechanisms at the basis of mechanotransduction at AJs. In this context, it was shown that the overall conformation of α-catenin was altered by forces supplied by myosin II and transmitted through the actin cytoskeleton to AJs between epithelial cells.[@R63]^,^[@R64] These structural changes unmask a vinculin-binding site previously buried in the unstressed molecule of αcatenin. In fact, an inhibitory region within the α-catenin VH2 domain prevents vinculin binding when α-catenin is submitted to low tension. This inhibition is released when αcatenin is subjected to traction forces, as illustrated in [Figure 4](#F4){ref-type="fig"}.

![**Figure 4.** Force-dependent molecular mechanism at the basis of the junctional recruitment of vinculin by a-catenin. Under low tension, a-catenin exhibits a folded conformation sheltering a buried vinculin-binding site. Tension exerted by actomyosin filaments unfurls a-catenin unmasking a vinculin-binding site.[@R38]^,^[@R54] X represents an a-catenin partner able to transmit actomyosinmediated tension. Adapted from reference [@R54].](tisb-1-e24180-g4){#F4}

Contribution of EPLIN to mechanotransduction at interendothelial AJs
--------------------------------------------------------------------

We suspected that in the endothelium, α-catenin also undergoes conformational modifications when subjected to tensional forces. In this context, the question that remains to be solved is how α-catenin can be subjected to actomyosin-generated forces in the endothelium. This may be done by an intermediate actin-binding protein that directly associates with α-catenin ([Fig. 3](#F3){ref-type="fig"}). If expressed in endothelial cells, EPLIN (epithelial protein lost in neoplasm) is an attractive candidate, since this protein is able to bind both α-catenin and actin filaments at epithelial AJs.[@R58]

EPLIN belongs to the family of LIM domain proteins as it contains a centrally located LIM domain known to form two closely packed zinc-binding subdomains.[@R65] Additionally, EPLIN exhibits two functional acting-binding sites, one on each side of the centrally located LIM domain, that give it the ability to cross-link and bundle actin filaments.[@R66] In vitro, EPLIN stabilizes actin filaments by preventing their depolymerization and blocks the formation of branched filaments by inhibiting actin nucleation by Arp2/3.[@R66] Based on these properties, EPLIN appears implicated in different actin-related processes such as cell motility and migration, cytokinesis and intercellular junctions.[@R58]^,^[@R67]^-^[@R69] Subsequent in vivo studies confirmed the downregulation of EPLINα in a number of human epithelial cancer cells and tissues, suggesting that the loss of EPLINα could contribute to the transformed phenotype. This can be correlated with the fact that during epithelial-mesenchymal transition induced by EGF, EPLIN becomes phosphorylated before being ubiquitinated and degraded.[@R70] This indicates that EPLIN may act as a tumor suppressor.[@R67]

We have established[@R71] that EPLIN is also expressed in endothelial cells at cell-cell junctions where it co-localizes with α-catenin and actin. In fact, EPLIN associates with the VE-cadherin-catenin complex via α-catenin. To establish the role of EPLIN in mechanotransduction at endothelial AJ, its expression was silenced by siRNA and the impact of such an abrogation on vinculin localization was analyzed. Vinculin appeared co-localized with EPLIN at sites where cell-cell junctions are perfectly mature. By contrast a clear delocalization of vinculin from AJ to FA was observed in EPLIN-depleted HUVEC. When force-generated by actomyosin machinery was blocked by an inhibitor of myosin-II activity, vinculin disappears from endothelial AJ and translocates to FA while EPLIN remains junctional. We have also noticed that AJ recruit variable amounts of vinculin according to the tension amplitude exerted by the cytoskeleton. It can be concluded that EPLIN is present at AJ independently of myosin-II contractility while junctional localization of vinculin requires EPLIN and myosin-II activity. By contrast, Taguchi and al, reported that, in epithelial cells, EPLIN localization at AJs appears mechanosensitive.[@R72] In this paper, downregulation of junctional tension was found to completely abolish EPLIN expression at epithelial AJ although vinculin still localized at these junctions. This contradicts our observations made on endothelial cells.[@R71] Further investigations are required to analyze the discrepancy on EPLIN role at AJ observed between endothelial and epithelial cells.

In the endothelium, our data suggested that, EPLIN triggers conformational changes in α-catenin by both directly interacting with VE-cadherin-bound α-catenin and the actin cytoskeleton. Then, the α-catenin-EPLIN link acts as a mechanotransmitter of forces thus promoting vinculin recruitment at interendothelial AJ **(**[Fig. 5A--C](#F5){ref-type="fig"}**)**.[@R71] In addition, αcatenin-EPLIN based-mechanotransduction mechanism constitutes a way for transmitting precise quantitative, temporal and spatial information required for AJ reinforcement or remodeling at very specific points.

![**Figure 5.** Hypothetic role of the EPLIN-a-catenin transmitter in the recruitment of vinculin at interendothelial AJs. (**A**) In the absence of EPLIN, the tension exerted by the actomyosin machinery is not transmitted to a-catenin. a-catenin adopts a folded conformation that prevents vinculin binding. (**B**) The traction exerted by actomyosin machinery is blocked by blebbistatin, an inhibitor of myosin-II. Despite the presence of EPLIN, a-catenin adopts a folded conformation and vinculin is not recruited at the AJ. (**C**) When the traction exerted by the actomyosin machinery is transmitted through EPLIN, a-catenin unfurls unmasking a vinculin-binding site. This allows vinculin recruitment at endothelial cell--cell junctions. (**D**) Once recruited at AJ, vinculin adopts an open conformation unmasking potential binding sites for additional actin-binding proteins X.](tisb-1-e24180-g5){#F5}

When submitted to tension, the VE-cadherin-α-catenin-EPLIN complex contributes to the strengthening of actin cortical ring and endothelial barrier function. Conversely, reduction of cortical F-actin density disturbs AJ. This was clearly illustrated in vitro using EPLIN-depleted HUVECs in in vitro angiogenesis assays. Indeed, EPLIN-silenced HUVECs kept the ability to form pseudo-vascular networks in matrigel but the capillaries progressively regressed due to numerous breakage events as intercellular tension increased.[@R71]

Contribution of vinculin to mechanotransduction at interendothelial AJs
-----------------------------------------------------------------------

After vinculin linkage to α-catenin at AJs, additional protein components might be recruited locally by tension. Recruitment of these new components might depend on αcatenin-tethered vinculin that may act, in turn, as a mechanosensing protein.

Vinculin molecule consists of head, neck and tail domains. In vitro, vinculin is known to oscillate between an inactive autoinhibited (closed) and active (open) conformation.[@R73] The inactive form results from a high-affinity interaction between the vinculin head and tail domains. Disruption of this intramolecular interaction within vinculin molecule appears to be necessary so as to allow interactions between vinculin and its binding partners.[@R74] The pathway involved in vinculin activation is still controversial. However, very recently, additional studies have shed light on how vinculin is activated, in particular at AJ sites.[@R75]^,^[@R76] Choi et al.[@R75] suggest that α-catenin interacts with vinculin by a two-step mechanism in which α-catenin weakly and transiently interacts with the autoinhibited form of vinculin. After unfurling of α-catenin by F-actin, the vinculin binding site of α-catenin becomes more accessible to enable high-affinity binding of the vinculin head region. This event shifts the conformational equilibrium of vinculin from a closed conformation to an open binding state offering the opportunity for vinculin to recruit new actin-binding proteins and consequently to orchestrate the maturation of AJ structures ([Fig. 5D](#F5){ref-type="fig"}).

Vinculin is not required for formation of endothelial adherens junctions but instead is necessary for protecting them from opening during the active phase of junction remodeling.[@R77] In fact, recruitment of actin binding proteins by junctional vinculin promotes the reinforcement of connections between the VE-cadherin-catenin complex and the actomyosin filaments leading to the enhancement of cortical actin ring and thus indirectly to the downregulation of endothelial barrier permeability. Additional studies are necessary to show whether the force-dependent recruitment of vinculin and α-actinin at interendothelial AJs operating in static conditions might be also initiated by shear stress.

Interplay between endothelial FAs and AJs
-----------------------------------------

AJs and FAs share several actin-binding proteins such as vinculin,[@R54]^,^[@R71] α-actinin,[@R78] and paxillin.[@R79] In endothelial cell monolayers, we have observed that vinculin and αactinin can shuttle from AJ to FA sites and vice versa.[@R71] In fact, localization of vinculin and α-actinin depends on the tension generated by the actomyosin machinery. For instance, as soon as endothelial cells establish contacts, vinculin and α-actinin progressively accumulate at AJs. Additionally, when the endothelial cell monolayer myosin-II-mediated contractility is blocked by blebbistatin, vinculin and α-actinin translocate from AJs to FAs. An increase in actomyosin tension favors the formation of an AJ-linked cortical actin ring after junctional accumulation of actin-binding proteins to the detriment of actin stress fibers tethered to FAs. Endothelial cells can use this mechanism to modulate the forces exerted at AJs ([Fig. 6](#F6){ref-type="fig"}). We suspect that this behavior is endothelial cell-specific.

![**Figure 6.** Impact of shear stress on AJ and FA structures. At the apical surface of endothelial cells, shear stress induces the deflection of proteoglycans within the glycocalyx coating leading to deformation of plasma membrane. As endothelial cells elaborate cell--cell contacts, the a-catenin-EPLIN mechanotransmitter recruits vinculin and a-actinin at AJs. This is detrimental for FAs that contain decreasing vinculin and a-actinin. Shear stress activates the kinase Src that tyrosine phosphorylates VE-cadherin.](tisb-1-e24180-g6){#F6}

In addition, processes regulating the actomyosin machinery indirectly participate in mechanotransduction at endothelial AJs. Thus, the Rho A GTPase signaling pathways that regulate the formation of actomyosin filaments[@R80] and indirectly the cellular contractility may, in turn, control mechanotransduction at AJs. However, there is still some controversy on the role of RhoA in endothelial barrier function. Under static conditions, some studies indicated that inhibiting RhoA function prevents the increase of permeability induced by thrombin[@R81]^,^[@R82] or histamine,[@R81] while others claimed the contrary.[@R83] Nevertheless, under fluid flow conditions, the RhoA pathway seems able to transduce flow-generated forces involved in endothelial barrier function, in particular during the development of cardiac valves in the zebrafish embryo model.[@R84]

Mechanotransduction Mechanism Induced by Shear Stress in the Endothelium
========================================================================

In the endothelium, mechanotransduction induced by shear stress requires several successive steps: first, physical deformation of the apical surface of the endothelium; second, intracellular transmission of stress; third, conversion of mechanical forces into biological activity; fourth, downstream intracellular signaling.[@R9]

As shear stress acts at the luminal surface of the endothelium, several local structures can initiate mechanotransduction. Recently, much attention has been paid to the glycocalyx, the outer filamentous coating of carbohydrate-rich molecules covering the apical surface of the endothelium. The glycocalyx consists of several types of long proteoglycans anchored to the plasma membrane. Protruding up from the cell surface, they are subjected to shear stress forces and consequently their flexible chains can be deformed under blood flow ([Fig. 6](#F6){ref-type="fig"}). Their deflection probably deforms the plasma membrane thus contributing to force transmission.[@R13] Evidence of the contribution of the glycocalyx to shear stress mechanotransduction comes from studies showing that enzymes able to degrade proteoglycans such as heparinases block responses to shear stress.[@R85]

Apical forces generated by shear stress can be transmitted via the cytoskeletal filaments distributed throughout the cell body to distant cellular sites. In endothelial cells, cytoskeletal filaments are interconnected and linked to membrane proteins, in particular to those constituting the adhesive FA and cell--cell junctional structures. Consequently, forces applied at the luminal cell surface can be transmitted to these adhesive structures via cytoskeletal deformations and displacements. In addition, through cell--cell junctions, deformation effects could be propagated to adjoining cells **(**[**Fig. 6**](#F6){ref-type="fig"}**)**.

In endothelial cells, shear stress was shown to trigger numerous events such as activation of the kinases ERK (extracellular signal-regulated kinases), JNK (c-jun N-terminal kinases), Src, VEGFR2 (vascular endothelial growth factor-2) and AKT (v-akt murine thymoma viral oncogene homolog) and induction of NF-kB (nuclear factor of kappa light chain gene enhancer in B cells).[@R10] Moreover, a mechanosensory complex expressed at cell-cell junctions and composed of PECAM-1, VE-cadherin and VEGFR2 was shown to transmit a shear-stress signaling pathway from the apical surface of endothelial cells through the cytoskeleton to cell--matrix and cell--cell sites of attachment.[@R86] These data have emerged from experiments performed on endothelial cell lines in which the VE-cadherin or PECAM-1 genes were individually knocked out (VE-cadherin^−/−^ and PECAM-1^−/−^) prior to be re-expressed (VE-cadherin^+/+^ and PECAM-1^+/+^). Shear stress was shown to induce activation of integrins and alignment of actin filaments along flow direction in VEcadherin^+/+^ and PECAM-1^+/+^ endothelial cell lines. No such events occur in VE-cadherin-/and PECAM-1^−/−^ endothelial cell lines. This demonstrates the requirement of VE-cadherin and PECAM-1 in the shear stress-induced activation of integrins and downstream events. In addition, initiation of flow mediates VEGFR2 activation in VE-cadherin^+/+^ and PECAM1^+/+^ and not in VE-cadherin^−/−^ and PECAM-1^−/−^ endothelial cells indicating that shear stress-induced VEGFR2 activation is downstream of the junctional receptors. In turn, only in cells expressing VE-cadherin, activated VEFGR-2 interacts directly with the PI(3) kinase thus promoting integrin activation. In addition, shear stress mediates the association of PECAM-1 and β-catenin with the PI(3) kinase p85 subunit in a VE-cadherin-dependent manner. Moreover, association between VE-cadherin and VEGFR2 appeared probably indirectly mediated by β-catenin. This correlated with the fact that β-catenin^−/−^ endothelial cells failed to initiate integrin activation under flow. Thus, PECAM-1, VE-cadherin/β-catenin and VEGFR2 represent endothelial-specific mechanotransducer elements required for PI(3)K-mediated integrin activation and endothelial cell alignment with the direction of the flow. In addition, activation of integrins led to activation of NF-kB, an event that promotes atherogenesis under disturbed flow.

Modulation of Endothelial Barrier Function by VE-Cadherin Tyrosine Phosphorylation
==================================================================================

It was recently reported that in vivo hemodynamic forces modulate VE-cadherin phosphorylation.[@R87] In fact, VE-cadherin appears phosphorylated on tyrosines Y658 and Y685 in vivo in veins but not in arteries. The difference in the level of shear stress to which endothelial cells are exposed in veins (0.8--8 dynes.cm^^-2^^) and in arteries (19--61 dynes.cm^^-2^^)[@R88] modulates the activity of the kinase Src at AJs. Junctional Src is activated only in veins and not in arteries, thus explaining the different level of VE-cadherin phosphorylation in veins and arteries.[@R87] Moreover, in vivo phosphorylation of VE-cadherin on tyrosine Y658 and Y685 contributes to the dynamic state of adherens junctions.

There is controversy in the literature about which tyrosine residues of VE-cadherin are phosphorylated after VEGF treatment and about the impact of such phosphorylation events on endothelial barrier function. Some studies reported that VE-cadherin phosphorylation increased the permeability of endothelial monolayers facilitating *trans*-endothelial migration of leukocytes.[@R89]^,^[@R90] By contrast, other studies claimed that Src-induced tyrosine phosphorylation of VE-cadherin is not sufficient to promote an increase in endothelial cell monolayer permeability.[@R87]^,^[@R91] Further investigations are required to fully understand the mechanisms at the basis of endothelial barrier stabilization, disruption, or remodeling. In particular, it is still unclear whether VE-cadherin tyrosine phosphorylation-mediated signaling and actomyosin machinery-linked mechanotransduction constitute interrelated or parallel pathways. Recently, it was reported that a high degree of tyrosine phosphorylation of VEcadherin, after constitutively active Src overexpression, interferes with the organization of the cytoskeleton in human dermal microvascular endothelial cells.[@R91] In fact a drastic rearrangement of the actin cytoskeleton with formation of thick actin bundles was observed, supporting the notion that both types of signaling are interrelated. Disconnection between VEcadherin and its intracellular partners may explain this strong actin cytoskeleton remodeling.

Tyrosine phosphorylation of VE-cadherin was described to reduce the ability of VEcadherin to interact with its intracellular partners.[@R92] In fact, tyrosine phosphorylation on Y658 and Y731 was reported to be sufficient to prevent binding to the VE-cadherin cytoplasmic part of p120 and β-catenin, respectively, with each tyrosine phosphorylation having the capability to inhibit endothelial barrier function. By contrast, more recent studies have shown that VE-cadherin tyrosine phosphorylation neither modifies the association of VE-cadherin with p120 and β-catenins nor decreases the barrier function of endothelial cell monolayers.[@R87]^,^[@R91] These last data support the notion that tyrosine phosphorylation of VEcadherin is required but is not sufficient to promote the disassembly of adherens junctions. Nevertheless, in our laboratory we have generated knock-in mice carrying within the cytoplasmic part of VE-cadherin the tyrosine-to-phenylalanine point mutation Y685F thus preventing phosphorylation on Y685. These knock-in mice spontaneously exhibited leakier capillaries compared with those of wild-type mice, thus demonstrating that VE-cadherin tyrosine phosphorylation at Y685 participates in the regulation processes of vascular permeability by a still unknown mechanism (unpublished results).

Conclusion
==========

The endothelium undergoes drastic remodeling in pathologies such as pulmonary edema, sepsis, inflammation, vascular leakage, atherosclerosis and tumor-associated angiogenesis. Restoration of endothelial barrier function is critical in resolving these pathological morbid conditions. There is a clear unmet medical need to treat these diseases, which necessitates the discovery of novel therapeutic targets for safe and successful therapies. Further research aimed at investigating the mechanisms at the basis of endothelial barrier function regulation will lead to new treatment approaches for these diseases.
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